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Abstract. 2014 Because they play a fundamental role in the calculation of bound electron stoppingpowers, photon mean free paths and electron impact-excitation cross-sections, there is a need for a convenient method to calculate oscillator strengths for highly charged ions. In this paper we describe a simple semiclassical approximation for electron matrix-elements and oscillator strengths. The The electronic stopping-power for high-velocity ions, dE/dx, can be calculated from the radiative opacity or photon absorption cross-section of the target medium [1] . This is because the electromagnetic field of the fast ion is approximately equivalent to a group of virtual photons carried along by the fast ion. When the ion penetrates a dense plasma target, some of the virtual photons can be absorbed by electrons of the target material. After being absorbed, the virtual photons are regenerated by the electric current of the fast ion, but the energy required for this regeneration is taken from the center-of-mass motion of the ion and therefore the absorption of virtual photons is equivalent to electronic energy-loss. From Here Zl is the ion charge, v is its velocity, c is the speed of light, « = e 21hc is the finestructure constant and the coefficient a is a dimensionless number of order unity [2] . We have used a minimum impact parameter bmin = hlMV, as is normal for high-velocity ion interactions.
The virtual photons are absorbed by line transitions of bound electrons of the target plasma, as determined by the bound-bound absorption opacity, which we can write in the language of the screened-hydrogenic average-atom model, There are also bound-free and free-free absorption processes ; equation (2) gives the opacity for photon line absorption n -n'. Pn is the number of electrons in the initial state of principal quantum number n and (1-P n'/ Dn') is a correction for partial filling of states of the final shell n' (Dn, = 2 n'2). I (hv ) is the line absorption profile, which for this purpose can be replaced by a delta-function, I(hv) == 8 (hv -(E,,, -En». Finally, f n, n, , is the oscillator strength, summed over states in the final shell n'and averaged over states of the initial shell n.
The energy lost by absorption of virtual photons is then [1] This integral gives the following expression for the energy-loss :
This is now recognizably the bound-bound part of the Bethe formula for high-velocity energyloss [2] . At this point the photoelectric (bound-free) contribution is merely indicated in a schematic fashion. Because of the f-sum rule, the denominator in equation (6) is simply NB = Z -Q, the number of bound electrons.
The evaluation of Ï requires some atomic data, the energy-levels and absorption oscillatorstrengths for transitions between these eigenstates [3] . To proceed further we would need a tractable formula for these quantities.
There is a simple approximation for hydrogen-like ions, given by Bethe and Salpeter [4] and Menzel and Pekeris [5] : Equation (7) is accurate to within a factor of two, for example, the ls -2p matrix-element is (ao = h2 Ime2= Bohr radius) which gives an exact oscillator-strength of /(ls-2p) = 4 (2/3 r = 0.4162, while equation (7) gives f (1, 2 ) = 0.5808, which is 40 % high. However, equation (7) is more accurate for states with higher quantum numbers. Equation (7) can be derived by extrapolation of the Kramer's absorption cross-section for Bremsstrahlung to negative energies of both initial and final states for the absorbing electron. The details of this extrapolation technique are given by Zel'dovich and Raizer [6] and More [1] .
Reference [1] also generalizes equation (7) [1] . However equation (11) still differs from the best theoretical calculations by factors of two due to quantum and relativistic effects.
For energy-loss calculation, equation (11) is not sufficient because low-energy transitions are dominant and subshell splitting greatly affects the answer. One would like a more accurate and more detailed oscillator-strength formula which describes transitions between states of specified angular momentum, f (nf, n'f').
The oscillator-strength is required for many calculations of atomic processes in hot plasmas : calculation of stopping-power, calculation'of emission and absorption of radiation and in addition the oscillator strength is used in many approximate formulas for electronimpact excitation and ionization. For this reason we have studied the possibility of developing a formula more detailed and accurate than equation (11) which would retain its simplicity and generality.
Although this problem has attracted a great deal of attention [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (24). We note that the quantities G (r), G'(r) and r sad are calculated directly from the potential V (r), which must be known for complex values of radius r.
The saddle-point integration gives
Evaluation of this expression requires integrating equation (14) to find the phase cp at the saddle-point. However the integration is not especially delicate and even coarse zoning produces reasonable results. The oscillator strength is now for dipole-allowed transitions nf -n' f ± 1. The factor in brackets arises from a sum over final states and average over initial states of given n, f, n', Q'.
The complete shell-range oscillator-strength is For f = 0, the term fn nit -1does not exist.
In the next section we will give examples, tests and applications of these formulas. Aside from simplicity and intuitive appeal, the main advantage of equation (27) [19] . We also compared other cases given by these authors and found excellent agreement.
The one difficult case is the quadrupole transition ls-3d where the error is fifty percent. For this case the classical orbits do not overlap at any angle, i.e., the apogee of the ls orbit is inside the perigee of the 3d orbit.
Finally we consider non-Coulomb potentials. There have been a number of studies of the effect of plasma screening on the oscillator strengths for bound-bound and bound-free transitions [20, 21] . It is generally found that the strengths of individual transitions n, f , n', Q' are strongly reduced as the state n', f' comes close to the (lowered) continuum.
For the Debye-screened Coulomb potential, Hohne (21) differ somewhat from the normal quantum rules, through the omission of terms like that in equation (23), and also work better.
We do not advocate changing the very successful rules of quantum mechanics, of course, but rather interpret the result as indicating that the omitted terms contain the most inaccurate portion of the WKB approximation, and physically correspond to processes which have very low probabilities.
